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Introduction
The Ehrlich pathway, which permits the use of leucine,
isoleucine, valine, methionine, tyrosine, tryptophan or
phenylalanine as a sole nitrogen source, leads to the
formation of the fusel alcohols and acids (Fig. 1) [1].
Indeed, in Saccharomyces cerevisiae, the Ehrlich
pathway is the only route for phenylalanine and
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The product of the ARO10 gene from Saccharomyces cerevisiae was ini-
tially identified as a thiamine diphosphate-dependent phenylpyruvate decar-
boxylase with a broad substrate specificity. It was suggested that the
enzyme could be responsible for the catabolism of aromatic and branched-
chain amino acids, as well as methionine. In the present study, we report
the overexpression of the ARO10 gene product in Escherichia coli and the
first detailed in vitro characterization of this enzyme. The enzyme is shown
to be an efficient aromatic 2-keto acid decarboxylase, consistent with it
playing a major in vivo role in phenylalanine, tryptophan and possibly also
tyrosine catabolism. However, its substrate spectrum suggests that it is
unlikely to play any significant role in the catabolism of the branched-chain
amino acids or of methionine. A homology model was used to identify resi-
dues likely to be involved in substrate specificity. Site-directed mutagenesis
on those residues confirmed previous studies indicating that mutation of
single residues is unlikely to produce the immediate conversion of an aro-
matic into an aliphatic 2-keto acid decarboxylase. In addition, the enzyme
was compared with the phenylpyruvate decarboxylase from Azospiril-
lum brasilense and the indolepyruvate decarboxylase from Enterobacter clo-
acae. We show that the properties of the two phenylpyruvate
decarboxylases are similar in some respects yet quite different in others,
and that the properties of both are distinct from those of the indolepyru-
vate decarboxylase. Finally, we demonstrate that it is unlikely that replace-
ment of a glutamic acid by leucine leads to discrimination between
phenylpyruvate and indolepyruvate, although, in this case, it did lead to
unexpected allosteric activation.
Abbreviations
BFDC, benzoylformate decarboxylase; IPDC, indole-3-pyruvate decarboxylase; IPyA, indole-3-pyruvic acid; KdcA, keto acid decarboxylase;
PDB, Protein Data Bank; PDC, pyruvate decarboxylase; PPA, phenylpyruvic acid; PPDC, phenylpyruvate decarboxylase; ThDP, thiamin
diphosphate.
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tryptophan catabolism [2]. The amino acids are
initially transaminated to 2-keto acids and, in the
subsequent irreversible step, the 2-keto acids are de-
carboxylated by any of several thiamin diphosphate
(ThDP)-dependent decarboxylases. Depending on the
redox state of the cell [3], the resulting aldehydes are
then converted by a suite of alcohol and aldehyde de-
hydrogenases to fusel alcohols or acids, respectively
[4]. The fusel products are finally excreted into the
surrounding medium. In yeast-fermented foods and
beverages, these products are important contributors
to flavors, both desirable and undesirable [1]. Recently,
interest in this pathway has extended to a potential
role in the production of biofuels. Branched-chain
alcohols have significant advantages, such as higher
energy density and lower hygroscopicity, over ethanol
[5]. Consequently, there is considerable attention being
paid to those enzymes that are involved in the produc-
tion of branched-chain 2-keto acids [5,6].
S. cerevisiae expresses several ThDP-dependent
decarboxylases that permit the assimilation of the aro-
matic and branched-chain amino acids [7–9]. The three
pyruvate decarboxylase (PDC) isoforms, PDC1 [10],
PDC5 [11] and PDC6 [12], are the best-studied of these
enzymes. The presence of PDC-independent decarbox-
ylase activity in S. cerevisiae was suggested by the abil-
ity of PDC-deletion strains to metabolize both
branched-chain and aromatic amino acids [8]. This
ability was traced to the ARO10 gene, also known as
YDR380w, which was induced by tryptophan through
the same mechanism as ARO9, the gene encoding aro-
matic aminotransferase II [13]. The latter enzyme cata-
lyzes the first step in aromatic amino acid catabolism
and is induced by aromatic amino acids via the tran-
scription factor Aro80 [13]. Subsequently, ARO10 was
found to be inducible by growth on phenylalanine as a
sole nitrogen source, and it was shown that the
ARO10 gene product, ScPPDC, was a phenylpyruvate
decarboxylase with a broad substrate specificity [4]. In
addition to being upregulated by methionine and leu-
cine [4], transcriptome analyses of S. cerevisiae cells
grown on various nitrogen sources showed that isoleu-
cine and threonine also trigger transcription of Aro80
target genes [14]. Therefore, potentially, ARO10 and
its associated genes may be responsible for the catabo-
lism of aromatic and branched-chain amino acids, as
well as methionine. However, ScPPDC is essentially
unable to utilize pyruvate [4].
As part of an ongoing project in our laboratory, we
are interested in determining the rules that govern sub-
strate specificity in ThDP-dependent decarboxylases.
In the first instance, we focused on converting benzoyl-
formate decarboxylase (BFDC) into a PDC, which
involved shifting the enzyme’s preference from binding
a phenyl group to binding a methyl group [15,16].
Although the results obtained from those studies have
been promising, with a 11 000-fold improvement in
pyruvate utilization by BFDC [16], the experimental
design has been complicated by differences in the posi-
tion of the catalytic residues in the two decarboxylases
[17]. ScPPDC is more similar to S. cerevisiae PDC1
(32% identity, 45% similarity) than is BFDC (18%
identity, 33% similarity), and it was considered that
ScPPDC may prove to be a more tractable subject for
conversion to a PDC. ScPPDC may also be considered
an attractive target for manipulation of the production
of fusel alcohols for the food, cosmetics and biofuel
industries [1], as well as being useful for stereospecific
carboligation reactions [18].
In the present study, we report the overexpression of
the ARO10 gene product in Escherichia coli and the
first detailed in vitro characterization of this enzyme
(UniProt ID: Q06408). The initial steps towards under-
standing the factors influencing decarboxylation of
shorter chain-length substrates are also reported.
Finally, we test the proposal [19] that a single residue
may be used to differentiate between the phenylpyru-
vate decarboxylases and the indolepyruvate decarboxy-
lases (IPDCs).
Results and Discussion
The ARO10 gene product has been identified as a phe-
nylpyruvate decarboxylase with a broad spectrum of
activity [3,4]. PPDCs have been reported in a range of
bacterial species, including Achromobacter eurydice
Fig. 1. The Ehrlich pathway: catabolism of
amino acids to produce alcohols or carbox-
ylic acids.
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[20], Acinetobacter calcoaceticus [21], Pseudomonas put-
ida [22], Nocardia sp. 239 [23] and Thauera aromatica
[23,24], although none of these enzymes has been char-
acterized in detail. PPDC activity has also been
observed in crude extracts of Aspergillus niger [25] and
blast searches [26] indicate that PPDCs are likely to
exist in other fungal species. Similar to the latter
enzymes, at approximately 72 kDa, the ScPPDC is
predicted to be almost 20% larger than most ThDP-
dependent decarboxylases. Nonetheless, the signature
features of a ThDP-dependent enzyme are maintained.
In the present study, the gene encoding ScPPDC
was amplified from S. cerevisiae genomic DNA and
visualized as an approximately 1.9 kb band on a 0.8%
agarose gel. This corresponded with the expected size
of the ARO10 gene (http://db.yeastgenome.org) and
sequencing of the PCR product confirmed the fidelity
of the amplification. The gene product was expressed
in E. coli as a C-terminal 6· His variant and was
found primarily as soluble protein in the cell-free frac-
tion. ScPPDC-His was purified to homogeneity
(Fig. 2) and remained stable for at least 6 months
when kept at )80 C in storage buffer. On the basis of
SDS ⁄PAGE chromatography, the apparent molecular
mass of ScPPDC-His was approximately 66 kDa
(Fig. 2). This was at odds with the calculated molecu-
lar mass of 72.3 kDa determined from the translated
amino acid sequence. However, the ScPPDC sample
was clearly larger than an authentic sample of BFDC
from P. putida (57.4 kDa) when run on the same gel
(Fig. 2). Reassuringly, ESI-MS analysis provided a
molecular mass of 72 122.2 kDa. This corresponded
well with the calculated molecular mass of ScPPDC-
His lacking the two N-terminal residues, Met and Ala
(72 113.6 kDa). The N-terminal sequence of ScPPDC-
His was determined to be PVTIEKFV, corresponding
to residues 3–10 of the expected ScPPDC sequence,
confirming that the N-terminal Met and Ala were
indeed absent. Although cleavage of the terminal Met
was not unexpected, the loss of the alanine residue was
initially surprising. However, the literature revealed
several examples in which the presence of proline as
the antepenultimate residue led to the removal of both
methionine and alanine. These include interleukin-2
[27] and the bullfrog ribonuclease RNaseRC-4 [28],
both expressed in E. coli.
Although ThDP-dependent decarboxylases are gen-
erally tetrameric [29], gel filtration of native ScPPDC-
His revealed that ScPPDC-His exists in solution pri-
marily as a dimer, with a small proportion (< 15%)
of tetramer (data not shown). Although unusual, this
is not without precedent because recent studies have
shown that the branched-chain keto acid decarboxyl-
ase (KdcA) from Lactococcus lactis is a homodimer
both in crystals [30] and solution [31].
The pH optimum of ScPPDC-His was found to be
in the range 6.5–7.0, with activity falling sharply above
pH 7.0 (Fig. 3). This is typical for a ThDP-dependent
enzyme and likely relates to the pKa of the 4¢-aminopy-
ridinium group on the cofactor [32]. As a consequence,
unless noted otherwise, kinetic characterizations were
carried out at pH 7.0.
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Fig. 2. Purified protein samples were run on a 4–12% Bis-Tris ⁄ -
Mops-SDS gel. Lanes: 1, Mark 12 MW standards (Invitrogen);
2, ScPPDC-His; 3, ScPPDCE545L-His; 4, BFDC-His. BFDC, a typical
ThDP-dependent decarboxylase with a molecular mass of approxi-
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Fig. 3. pH Screen of ScPPDC-His. The pH optimum of ScPPDC-His
was determined as described in the Materials and methods. Each
point represents the mean ± SEM of three separate determina-
tions.
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Although the specific activity of ScPPDC has been
measured for several substrates using crude cell extracts
[4], to date, there has been no comprehensive examina-
tion using the purified enzyme. Accordingly, the kinetic
parameters for a selection of 2-keto acids were deter-
mined for ScPPDC-His. The 2-keto acids were chosen
to provide information on (a) the specificity of the
enzyme for the products of amino acid catabolism and
(b) the overall substrate specificity of ScPPDC. As
shown in Table 1, phenylpyruvic acid (PPA) and in-
dolepyruvic acid (IPyA) were the preferred substrates.
On the basis of Km values, IPyA had higher affinity for
the enzyme than PPA, although decarboxylation of the
former proceeded more slowly. 4-Hydroxyphenylpyru-
vate, the substrate derived from tyrosine, had a similar
affinity to PPA for ScPPDC-His but was decarboxylat-
ed at approximately half the rate.
By comparison, 2-keto acids derived from aliphatic
amino acids were much poorer substrates for
ScPPDC-His (Table 1). It was notable that much of
the reduced activity could be related to substrate bind-
ing rather than kcat effects. With the exception of PPA
(20 s)1), kcat values for the aromatic substrates were
approximately 10 s)1. The methionine-derived sub-
strate, 4-methylthio-2-ketobutanoic acid, bound to the
enzyme with approximately 20-fold lower affinity than
IPyA but was turned over more quickly, with a kcat
value approaching 8 s)1. A similar result was observed
for the non-natural substrate, 2-ketohexanoic acid and
the branched-chain 2-keto acid derived from leucine,
4-methyl-2-ketopentanoic acid. The kcat value for the
isoleucine derivative, 3-methyl-2-ketopentanoic acid,
was similar to that of its structural isomer but its Km
value was approximately three-fold higher, as well as
30-fold higher than that for PPA.
The shorter straight chain 2-keto acids (2-ketopenta-
noic acid, 2-ketobutanoic acid and pyruvic acid) exhib-
ited Km values approximately 20- to 100-fold higher
than that for PPA, with the values increasing as the
chain length decreased. The kcat values for the C4, C5
and C6 2-keto acids also decreased as the chain length
decreased but, in general, they were broadly similar to
those of the other substrates tested. The combination
of a smaller side chain and the presence of a 3-methyl
substituent resulted in the biggest decrease in kcat ⁄Km
for a ‘natural’ substrate. Even then the 80-fold increase
in Km value for the valine derivative, 3-methyl-2-ketob-
utanoic acid, suggested that the problem was an inabil-
ity to bind the substrate rather than problems with
turnover. It was not until pyruvate that an order of
magnitude decrease in kcat value was observed.
As described above, ScPPDC was able to utilize ali-
phatic 2-keto acids, albeit with reduced efficiency. To
further explore effect of chain length on substrate
specificity, we looked at the reaction of ScPPDC with
benzoylformic acid (2-keto-2-phenylethanoic acid) and
2-keto-4-phenylbutanoic acid. These substrates have a
phenyl group attached to a 2C and a 4C keto acid,
respectively. Of the two, benzoylformate was the poorer
substrate and it was only possible to collect kinetic
data under V ⁄K conditions. Interestingly, 2-keto-4-
phenylbutanoic acid proved to be the first substrate
where the effect of an alteration in chain length was pri-
marily manifested in the kcat value. For example,
although its Km value was similar to that of PPA
and 4-hydroxyphenylpyruvate, 2-keto-4-phenylbutanoate
Table 1. ScPPDC substrate profile. Mean ± SEM of at least three separate determinations for reactions carried out at pH 7.0. ND, not
determined; NAD, no activity detected.
Substrate Amino acid Km (mM) kcat (s
)1) kcat ⁄ Km (mM)1Æs)1) %a
Phenylpyruvic acid Phe 0.10 ± 0.01 20 ± 2.1 200 100
Indole-3-pyruvic acid Trp 0.03 ± 0.01 5.4 ± 0.3 200 100
4-Hydroxyphenylpyruvic acid Tyr 0.09 ± 0.01 11 ± 0.8 125 63
4-Methylthio-2-ketobutanoic acid Met 0.64 ± 0.03 7.7 ± 0.1 12 6
4-Methyl-2-ketopentanoic acid Leu 0.90 ± 0.03 10 ± 0.1 11 6
3-Methyl-2-ketopentanoic acid Ile 3.1 ± 0.3 11 ± 0.6 3.5 2
3-Methyl-2-ketobutanoic acid Val 8.5 ± 0.4 19 ± 0.5 2.2 1
2-Keto-4-phenylbutanoic acid 0.09 ± 0.01 1.7 ± 0.01 19 9
2-Ketohexanoic acid 0.69 ± 0.01 8.8 ± 0.1 13 6
2-Ketopentanoic acid 2.1 ± 0.1 5.2 ± 0.1 2.5 1
2-ketobutanoic acid 7.6 ± 0.6 3.9 ± 0.1 0.52 0.2
Pyruvic acid 9.7 ± 0.1 0.34 ± 0.01 0.035 0.02
Benzoylformic acid ND ND 0.35b 0.2
3-Indoleglyoxylic acid NAD – _ _
a Percentage of kcat ⁄ Km for PPA. b V ⁄ K conditions used.
M. M. Kneen et al. Characterization of phenylpyruvate decarboxylase
FEBS Journal 278 (2011) 1842–1853 ª 2011 The Authors Journal compilation ª 2011 FEBS 1845
was turned over approximately 14-fold and seven-fold
more slowly than PPA and 4-hydroxyphenylpyruvate,
respectively. Finally, ScPPDC was unable to utilize 3-
indoleglyoxylic acid as a substrate. Thus, the activity
of the enzyme with the indole-derived substrates, 3-in-
doleglyoxylic acid and IPyA, somewhat paralleled that
with benzoylformic acid and PPA.
The ARO10 gene was initially found to be inducible
by tryptophan [13] and later by phenylalanine [3], sug-
gesting that ScPPDC is likely to have indole-3-pyru-
vate and phenylpyruvate decarboxylase activity,
respectively. It was also noted that the ARO10 gene
was subject to the same regulatory mechanism as the
ARO9 gene, which encodes aromatic aminotransferase
II [13]. The latter is inducible by all the aromatic
amino acids and so it is not entirely unexpected that
ScPPDC was found to decarboxylate 4-hydroxyphenyl-
pyruvate (Table 1).
It has been proposed that a single decarboxylase
activity was responsible for the catabolism of leucine,
methionine and phenylalanine [4]. Conversely, Dickin-
son et al. [2] reported that ScPPDC contributed only
6% of the isoleucine flux. The results obtained in the
present study show that the efficiency of leucine decar-
boxylation is only 5% of that of phenylalanine, sug-
gesting that Dickinson et al. [2] are more likely to be
correct. ScPPDC has a relatively low, but measurable,
activity with the isoleucine-derived, 3-methyl-2-keto-
pentanoic acid. This is also consistent with the report
that an ARO10 (YDR380w) knockout was able to
grow using isoleucine as sole nitrogen source but that,
in the absence of other pyruvate decarboxylases, the
presence of the ScPPDC was sufficient to allow cell
growth. Perpète et al. [9] reported that ScPPDC was
essential for the decarboxylation step in methionine
catabolism. If it is assumed that, similar to the other
amino acids catabolized to fusel alcohols in yeast,
methionine was solely catabolized by the Ehrlich path-
way, this observation would appear to be at odds with
the relatively poor usage of 4-methylthio-2-ketobuta-
noic acid (Table 1). However, Perpète et al. [9] also
demonstrated that Met may be catabolized by trans-
amination to 4-methylthio-2-ketobutanoic acid, then
demethiolation, yielding methanethiol and 2-ketobuty-
rate. Unlike the fusel alcohols, 2-ketobutyrate provides
a useful carbon skeleton. Thus, although S. cerevisiae
may indeed be able to catabolize Met through the
Ehrlich pathway via ScPPDC, this route would be less
beneficial to the organism which, in turn, is reflected in
the relatively low kcat ⁄Km value for 4-methylthio-2-ke-
tobutanoic acid.
Overall, these data show that substrates derived
from the aromatic amino acids are clearly preferred
over those from aliphatic amino acids and confirm that
ScPPDC, the ARO10 gene product, is an efficient aro-
matic 2-keto acid decarboxylase, consistent with its
proposed in vivo role in phenylalanine and tryptophan
catabolism [2]. It may also be involved in tyrosine
metabolism but, when alternative pathways are avail-
able, it is unlikely to play any significant role in the
catabolism of the branched-chain amino acids or of
methionine.
Identification and mutation of residues affecting
substrate specificity
There are two histidine residues in the active site of
ScPDC located adjacent to each other on a single
monomer [33]. This effectively forms a ‘HH’ motif that
is conserved in other PDCs [34,35] and PDC-like
decarboxylases such as KdcA, the branched-chain keto
acid decarboxylase from L. lactis [30], the indole-3-
pyruvate decarboxylase from Enterobacter cloacae
(EcIPDC) [36] and the PPDC from Azospirillum brasi-
lense (AbPPDC) [37]. The last two enzymes are dis-
cussed in more detail below.
clustalw alignment of the sequence of ScPPDC
with those of ScPDC, ZmPDC, KdcA and EcIPDC
suggested that Ile335, Gln448 and Met624 were likely
to shape its substrate binding pocket. This was con-
firmed using a homology model (Fig. 4A) of ScPPDC
obtained from the phyre server (http://www.sbg.bio.i-
c.ac.uk/phyre/) using the structure of KdcA [Protein
Data Bank (PDB): 2VBG] as the template. It is clear
from Fig. 4B, which was obtained by superimposing
the cofactors of several ‘HH’ motif decarboxylases,
that the relative size of the substrates is inversely pro-
portional to the size of the residues. Accordingly, three
mutants (I335Y, Q464W and M624W) were prepared
with a view to enhancing the activity of ScPPDC
towards the shorter chain-length substrates such as
pyruvate, and the unbranched substrates, which the
wild-type enzyme does not favor (Table 1).
The results, provided in Table 2, confirm that all
three residues are important for catalysis by ScPPDC.
The kcat value for reaction of each variant with PPA is
lower than that of the wild-type enzyme and, with the
exception of Q448W, Km values are increased and
kcat ⁄Km values are reduced by almost two orders of
magnitude. When viewed as a whole, it is apparent
that these mutations have had the most beneficial
effect on the decarboxylation of 2-ketopentanoic acid.
Each variant has a Km value less than 1 mm, which is
lower than that of the wild-type enzyme, as well as
kcat ⁄Km values that are greater than that of the wild-
type enzyme. This trend does not extend to the shorter
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chain 2-keto acids, 2-ketobutanoate and pyruvate,
where the kinetic constants are broadly similar for
each variant. That said, even the latter observation is
in sharp contrast to the results for PPA where the indi-
vidual variants showed significant decreases in kcat ⁄Km
values. In a previous study, the corresponding variants
of the branched-chain decarboxylase from L. lactis,
KdcA, were prepared [38]. In those cases, an improve-
ment was observed for the binding of pyruvate but,
overall, kcat ⁄Km for pyruvate remained well below
those obtained for the natural substrate, 3-methyl-2-
ketopentanoic acid.
Attempts were made to prepare the combinations of
double mutants, as well as the triple mutant. Of these,
only the I335Y ⁄M624W variant was produced as solu-
ble protein. Although the kinetic data for this variant,
also provided in Table 2, indicated that PPA was no
longer a viable substrate, there was also little improve-
ment in the utilization of aliphatic substrates. The dif-
ficulties with the stability of the double and triple
mutants mirrored that observed with KdcA [38].
Although a single site mutant of PDC has been shown
to possess excellent 2-ketohexanoate decarboxylase
















Fig. 4. (A) Superposition of the homology
model of the ScPPDC dimer (orange) and
the template (KdcA, PDB: 2VGB, cyan). The
left hand side of the figure shows several of
the additional loops necessary to account
for the 20% greater molecular mass of the
former. (B) Superposition of the putative
substrate binding residues of ScPPDC
(orange), KdcA (cyan) IPDC (PDB: 1OVM,
magenta) and ZmPDC (PDB: 2WVA, yellow).
The pyruvate and triazole-ThDP (elemental
colors) were from PDB: 2WVA. The dots
represent the van der Waals radius of the
methyl group of pyruvate.
Table 2. Activity of ScPPDC Variants towards short chain and unbranched substrates (mean ± SD of two or three individual determinations).
The data were obtained using the standard assay conditions at pH 6.0. ND, not determined (assayed under V ⁄ K conditions). NAD, no activity
detected.
Wild-type I335Y Q448W M624W I335Y ⁄ M624W
Phenylpyruvic acid
Km (mM) 0.10 ± 0.01 0.80 ± 0.03 0.054 ± 0.002 0.18 ± 0.04 ND
kcat (s
)1) 20 ± 2.1 0.85 ± 0.02 4.8 ± 0.04 1.2 ± 0.07 ND
kcat ⁄ Km (mM)1Æs)1) 200 1.1 (0.6)a 89 (45) 6.7 (3.4) 0.030 (0.02)
2-Ketohexanoic acid
Km (mM) 0.48 ± 0.2 0.55 ± 0.10 0.46 ± 0.02 0.17 ± 0.02 1.0 ± 0.2
kcat (s
)1) 8.8 ± 0.6 3.3 ± 0.04 1.3 ± 0.1 0.96 ± 0.03 0.41 ± 0.06
kcat ⁄ Km (mM)1Æs)1) 18 6.0 (33) 2.8 (16) 5.8 (32) 0.42 (2.3)
2-Ketopentanoic acid
Km (mM) 1.7 ± 0.2 0.63 ± 0.04 0.54 ± 0.08 0.37 ± 0.03 0.96 ± 0.06
kcat (s
)1) 2.8 ± 0.2 2.1 ± 0.1 2.0 ± 0.01 0.76 ± 0.06 0.39 ± 0 05
kcat ⁄ Km (mM)1Æs)1) 1.6 3.4 (213) 3.7 (231) 2.1 (131) 0.40 (25)
2-Ketobutanoic acid
Km (mM) 7.6 ± 0.6 6.4 ± 1.8 7.0 ± 1.1 5.5 ± 0.8 NAD
kcat (s
)1) 3.9 ± 0.1 0.06 ± 0.01 2.2 ± 0.1 0.04 ± 0.01 NAD
kcat ⁄ Km (mM)1Æs)1) 0.51 0.009 (1.7) 0.315 (62) 0.007 (1.4) NAD
Pyruvic acid
Km (mM) 5.7 ± 0.1 25 ± 3 5.5 ± 0.2 6.4 ± 0.9 ND
kcat (s
)1) 0.26 ± 0.00 0.064 ± 0.004 0.32 ± 0.01 0.45 ± 0.03 ND
kcat ⁄ Km (mM)1Æs)1) 0.046 0.003 (7) 0.06 (130) 0.07 (152) 0.027 (59)
a Comparison of kcat ⁄ Km with wild-type ScPPDC-His for the corresponding substrate (expressed as a percentage).
M. M. Kneen et al. Characterization of phenylpyruvate decarboxylase
FEBS Journal 278 (2011) 1842–1853 ª 2011 The Authors Journal compilation ª 2011 FEBS 1847
reinforce those of the KdcA study, which suggest that
mutation of single residues is unlikely to produce an
‘instant’ PDC. It appears that it will be easier to
expand the active site to accept larger substrates and,
as shown for benzoylformate decarboxylase [16], satu-
ration mutagenesis of at least two residues will be
required to shift the substrate preference towards pyru-
vate. This finding is consistent with the recent study
carried out by Steinmetz et al. [39] which showed that,
in the ThDP-dependent acetohydroxy acid synthase,
two residues act in concert to mediate substrate bind-
ing and specificity. Concomitantly, both residues orient
substrates and intermediates to ensure optimal align-
ment of orbitals throughout the reaction [39].
Comparison with other aromatic 2-keto acid
decarboxylases
To date, there has been only one detailed characteriza-
tion of a phenylpyruvate decarboxylase, the pdc gene
product from the nitrogen-fixing bacterium, A. brasi-
lense. Initially, this enzyme was identified as an indole-
3-pyruvate decarboxylase because it played a central
role in the formation of indole acetic acid, the most
abundant naturally occurring auxin [40,41]. However,
subsequent analysis showed that its substrate spectrum
was markedly different to that of the homologous
IPDC from E. cloacae [19]. For example, in addition
to IPyA, the EcIPDC was able to decarboxylate both
benzoylformate and pyruvate [42,43], but not PPA
[40,42]. Furthermore, there was no evidence for sub-
strate activation of EcIPDC [42]. Conversely, the
A. brasilense enzyme showed a ten-fold greater kcat ⁄Km
for PPA than for IPyA, no activity with benzoylfor-
mate, and substrate activation was observed with IPyA
and several other substrates [19]. Ultimately, this led
to the classification of the A. brasilense ipdC gene
product as a phenylpyruvate decarboxylase (AbPPDC).
The data provided in Table 1 indicate that ScPPDC
is quite different to both AbPPDC and EcIPDC in that
it is able to decarboxylate PPA and IPyA, essentially
with equal efficiency. It is more like AbPPDC in that it
can also decarboxylate 4-phenyl-2-ketobutanoic acid
and 2-ketohexanoic acid, although it does so without
evidence for substrate activation. On the other hand,
ScPPDC can decarboxylate 3- and 4-methyl-2 ketopen-
tanoic acid, as well as benzoylformate, whereas
AbPPDC cannot [19]. In short, the activities of the
two phenylpyruvate decarboxylases are similar yet dif-
ferent, and both are distinct from those of EcIPDC.
A multiple sequence alignment of a suite of known
and putative bacterial PPDCs and IPDCs showed that
the sequences divided into two clades, indicating that
they have derived from at least two different ancestors
[19]. The sequences in one clade all possessed a glu-
tamic acid residue at the position corresponding to res-
idue 468 of EcIPDC. In the second clade, which
included AbPPDC, in most cases, the glutamate was
replaced by a leucine. Consequently, it was speculated
that the specificity for IPyA or PPA might be deter-
mined by the presence of a glutamic acid or a leucine,
respectively, in this position. Expansion of this align-
ment to include yeast PPDC homologs shows that the
yeast sequences cluster with the ‘IPDC’ group, all hav-
ing Glu at this position (data not shown). To explore
this issue further, the Glu545Leu variant of ScPPDC
was prepared, and its kinetic parameters with the two
substrates, PPA and IPyA, were determined. A com-
parison of these and the parameters of the wild-type
enzyme are presented in Table 3.
ScPPDC-E545L was unstable in the buffer used for
the IPyA assay and thus was assayed in the standard
buffer but with the loss of NADH monitored at
366 nm. Unexpectedly, this variant showed evidence of
allosteric activation by both PPA and IPyA, with Hill
coefficients of 1.8 and 2.1, respectively. By contrast,
the wild-type enzyme showed little evidence of alloste-
ric activation with Hill coefficients approaching 1 for
both substrates. Comparison of S0.5 values showed
that both substrates bound with higher affinity to the
E545L variant. For PPA, the affinity increased almost
30-fold, although this was accompanied by a decrease
in kcat value of more than 700-fold. For IPyA, a three-
fold increase in binding affinity was observed, with a
concomitant 38-fold decrease in kcat value. Overall,
although the ScPPDC-E545L variant is a much poorer
decarboxylase than the wild-type enzyme, it could be
argued that, with a 15 : 9 ratio of kcat ⁄S0.5, the sub-
strate preference has been switched to favor IPyA. Of
Table 3. Activity of E545L ScPPDC-His. All data were obtained at
pH 7.0 and were analyzed using the simplified Hill equation.
Wild-type E545La
Phenylpyruvic acid
S0.5 (lM) 97 ± 8 3.4 ± 0.3 (29)
kcat (s
)1) 22 ± 2.1 0.03 ± 0.002 (730)
kcat ⁄ S0.5 (mM)1Æs)1) 226 8.8 (25)
nh 1.06 ± 0.06 1.84 ± 0.14
Indole-3-pyruvic acid
S0.5 (lM) 27 ± 3 9.6 ± 1.7 (2.8)
kcat (s
)1) 5.3 ± 0.2 0.14 ± 0.01 (38)
kcat ⁄ S0.5 (mM)1Æs)1) 196 15 (13)
nh 1.15 ± 0.13 2.13 ± 0.27
a The fold decrease from wild-type enzyme is shown in parenthe-
ses.
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course, this is the opposite result to that expected if a
leucine residue in this position was truly indicative of
an enzyme being a PPDC [19].
Although it is possible to argue about whether there
is a true switch in substrate preference, the data pro-
vided in Table 3 show conclusively that the E545L var-
iant has (a) enhanced affinity for both PPA and IPyA
and (b) evidence for allosteric activation that was not
present in the wild-type enzyme. What is not clear are
the reasons for those observations. ScPPDC Glu545
has well characterized equivalents in EcIPDC
(Glu468), ZmPDC (Glu473) and ScPDC (Glu477) and
forms part of a Glu-Asp-His triad that has long been
associated with the various protonation–deprotonation
steps in the decarboxylation reaction [43–47]. Early
modeling studies suggested that Glu477 (ScPDC) par-
ticipates in the decarboxylation of the 2-lactyl-thiamin
diphosphate intermediate, as well as in the protonation
of the carbanion–enamine intermediate [44]. These pre-
dictions were recently confirmed experimentally using
a combination of CD and NMR spectroscopy using
the E473D and E473Q variants of ZmPDC [47]. It is
interesting to note that these variants both showed an
approximately 1000-fold decrease in the value of kcat,
similar to that observed for the E477Q variant of
ScPDC [46], whereas the E468D variant of EcIPDC
showed an approximately 25-fold decrease in the value
of kcat [43]. In all cases, the Km values were essentially
unaffected by the mutation [43,46,47]. In our case, the
E545L variant showed, depending on the substrate,
decreases in kcat reminiscent of both pyruvate and
IPyA decarboxylases, although these decreases were
accompanied by a concomitant decrease in Km values
for PPA and IPyA (Table 3). Given that replacement
of this glutamic acid residue results in relatively large
(two or three orders of magnitude) changes in kcat
values, it is noteworthy that AbPPDC, which has a
leucine at the corresponding position, has a kcat value
of 5.6 s)1 [19]. This value is broadly similar to the kcat
values of EcIPDC (3.9 s)1) [42], ScPDC (36 s)1) [46]
and ScPPDC (20 s)1) (Table 1) with their natural sub-
strates. Clearly, AbPPDC has been able to adapt, and
it was suggested that this was achieved by Leu462 pro-
viding an increase in the hydrophobicity of the active
site, thereby stabilizing zwitterionic intermediates [37].
Nevertheless, the catalytic mechanism of a ThDP-
dependent decarboxylase requires a number of proton
transfer steps, and these are often mediated through a
network of water molecules. Removal of a hydrophilic
residue such as E545 has the potential to disrupt any
hydrogen bonding ⁄water molecule network, which will
also result in a reduction in kcat values. It is conceiv-
able that, for the ScPPDC E545L variant, the increase
in hydrophobicity is insufficient to compensate for the
loss of an acid–base catalyst, or the disruption of a
hydrogen bond network, although it does result in an
increase in binding affinity for PPA and IPyA.
One question still remains: why does the E545L vari-
ant show allosteric activation? Again, the answer may
lie with AbPPDC. It has been proposed that, rather
than the typical Glu-Asp-His motif, AbPPDC has an
Asp-Asp-His catalytic triad in which Asp282 replaces
the glutamic acid residue. Moreover, it is only after the
substrate binds at the regulatory site that Asp282
moves into the active site to form the catalytic triad
[48]. In Glu334, ScPPDC has a residue occupying a
similar position to Asp282 and which, potentially, may
act as a surrogate for Glu545 in the catalytic triad
(albeit with a reduced effect). The observation of allo-
steric activation would then arise from a requirement
for the substrate to bind to effect the correct position-
ing of Glu334 for catalysis. Of course, this explanation
also requires a second, regulatory, substrate binding
site. In AbPPDC, the second phenylpyruvate is held
tightly by charged interactions of its carboxylate with
two arginine residues (Arg60 andArg215) and a hydro-
gen bond to the backbone of Ala397, while the phenyl
ring forms a cation–p interaction with Arg214 [48].
Intriguingly, superposition of the ScPPDC model and
the AbPPDC-3dThDP-PPA (PDB: 2Q5O) indicates
that a similar site may be present in the former. In
Arg88 and Arg267, ScPPDC has positional counter-
parts for Arg60 and Arg215, respectively. The amide of
Ser464 is similarly located to that of Ala397in AbPPDC
and, although ScPPDC has no direct counterpart to
Arg214, there is a lysine residue, Lys461, that could
rotate in and perform a similar function to Arg214.
Clearly, this explanation is speculative, although it does
provide a basis for our ongoing investigations. As an
aside, previous results reported by Meyer et al. [47] also
suggest that the enamine of the E545L variant is likely
to be long lived, raising the possibility that this variant
may carry out more efficient carboligation reactions
than the wild-type enzyme. This too is being explored
in our continuing studies.
In summary, we have demonstrated that the S. cere-
visiae ARO10 gene product comprises an efficient phe-
nylpyruvate decarboxylase likely playing a prominent
role in the catabolism of aromatic, but not aliphatic,
amino acids. Furthermore, we have reinforced previ-
ous studies concluding that it will take more than
point mutations to significantly alter substrate specific-
ity in ThDP-dependent decarboxylases. Finally, we
have that shown that it is unlikely that replacement of
a glutamic acid by leucine leads to discrimination
between the two substrates, phenylpyruvate and
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S. cerevisiae genomic DNA was obtained from Novagen
(EMD4Biosciences, Gibbstown, NJ, USA). PCR primers
were purchased from Integrated DNA Technologies (Coral-
ville, IA, USA). The sequences of the primers are provided
in Table S1. Nickel-nitrilotriacetic acid resin was obtained
from Qiagen (Valencia, CA, USA). Substrates were pur-
chased from Sigma–Aldrich (St Louis, MO, USA), Acros
(Morris Plains, NJ, USA) and ChemBridge (San Diego,
CA, USA). Buffer and assay components were from
Sigma–Aldrich or Fisher Scientific (Pittsburgh, PA, USA)
and were of the highest commercially-available quality.
Amplification
The coding region for ScPPDC (ARO10) was amplified
S. cerevisiae genomic DNA using the primer pair PPDC-
NdeI and PPDC-XhoI, which inserted NdeI and XhoI sites
at the 5¢ and 3¢ ends, respectively, of the ScPPDC gene.
The amplified fragment was gel-purified then ligated into
pCRBlunt (Invitrogen, Carlsbad, CA, USA) and the result-
ing plasmid transformed into chemically-competent E. coli
TOP10 cells. Plasmid DNA from the transformants was
purified and the NdeI-XhoI fragment inserted into a modi-
fied pET17b vector (Novagen) to give the expression vector,
pET17PPDC-His, thereby permitting Ni-chelate affinity
purification of ScPPDC-His. The fidelity of the amplifica-
tion and vector construction was confirmed by sequencing
of pET17PPDC-His (University of Michigan DNA
Sequencing Core Facility, Ann Arbor, MI, USA).
Mutagenesis
Single residue variants of ScPPDC-His were prepared by
the QuikChange method (Stratagene, Agilent Technologies
Inc., Santa Clara, CA, USA) using pET17PPDC-His and
the primers listed in Table S1. The presence of the changed
nucleotides was screened by restriction digestion and
confirmed by sequencing.
Purification
ScPPDC-His and its variants were overexpressed in E. coli
BL21(DE3)pLysS cells (Novagen). ScPPDC-His expression
was induced at room temperature with isopropyl thio-b-d-
galactoside and the cultures grown for 20 h. All subsequent
ScPPDC-His purification procedures were performed at
4 C. Cells were pelleted by centrifugation and resuspended
in buffer A (50 mm NaPO4, pH 8.0, 300 mm NaCl) con-
taining 5 mm imidazole, then frozen at )80 C overnight.
The frozen cells were thawed and incubated for 30 min with
DNase (5 lgÆmL)1) and lysozyme (0.2 mgÆmL)1) then dis-
rupted by sonication (3 · 30 s bursts, with 1 min rest
between bursts). Clarified cell-free extract was obtained by
two centrifugation steps of 30 min at 20 000 g.
The cell-free extract was applied to a nickel-nitrilotriace-
tic acid (Qiagen) column attached to a Biologic LC system
(Bio-Rad, Hercules, CA, USA) and equilibrated with buffer
A. The column was extensively washed with buffer A and
weakly-bound proteins eluted with buffer B (buffer A con-
taining 20 mm imidazole). ScPPDC-His was eluted with
buffer C (buffer A containing 250 mm imidazole). Fractions
containing ScPPDC-His were pooled, then desalted and
exchanged into storage buffer (50 mm KPO4, pH 7.0, 1 mm
MgSO4, 0.5 mm ThDP, 10% glycerol) using an Econo-Pac
DG10 desalting column (Bio-Rad). The purified protein
was concentrated (Amicon Ultra, Millipore, Billerica, MA,
USA) and stored at )80 C.
The purity of the ScPPDC-His was verified by
SDS ⁄PAGE. The protein concentration was determined
spectrophotometrically using e280 = 71260 m
)1Æcm)1 calcu-
lated with prot param (http://expasy.org/tools/protparam.
html) or by the Bradford assay using BSA as standard.
Assay
The decarboxylation activity of ScPPDC-His on a range of
aromatic and aliphatic 2-keto acids was monitored at 30 C
by a coupled assay described previously [38]. The reaction
mixture contained (in 1 mL): 100 mm KPO4 buffer (pH 6.0
or 7.0); 1 mm MgSO4; 0.5 mm ThDP; 200 lm NADH;
0.05–0.25 U horse liver alcohol dehydrogenase or yeast
alcohol dehydrogenase and varying concentrations of 2-
keto acid. The reaction was initiated by addition of
ScPPDC-His (2.5–190 lgÆmL)1) and the loss of NADH
was monitored at 340 nm. Stock solutions of the 2-keto
acids were usually prepared in assay buffer (100 mm KPO4,
1 mm MgSO4, 0.5 mm ThDP) and the pH adjusted to 6.0
or 7.0 as required. When necessary, ScPPDC-His was
diluted into assay buffer containing 1 mgÆmL)1 BSA.
Monitoring the decarboxylation of IPyA had been
reported by Schütz et al. [42] to be problematic. Conse-
quently, IPyA decarboxylation by ScPPDC was determined
in an assay buffer containing 10 mm Mes buffer (pH 6.5),
1 mm MgSO4 and 0.5 mm ThDP, with the reaction being
monitored at 366 nm to reduce interference as a result of
the high absorbance of IPyA at 340 nm [19]. IPyA stock
solutions were prepared in assay buffer and incubated for
45–60 min at room temperature to ensure maximal conver-
sion from the enol to the keto tautomer [42]. The E545L
variant precipitated in this buffer and therefore was assayed
under the standard conditions used for all other substrates,
although the reaction was monitored at 366 nm.
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Analysis of enzyme kinetics data was performed with the
enzyme kinetics package within sigmaplot (Systat Soft-
ware, Inc., Chicago, IL, USA), using the single-substrate
model and Michaelis–Menten and Hill analysis.
The pH optimum of ScPPDC-His for the decarboxyl-
ation of PPA was determined by the coupled assay
described above, using a ScPPDC-His concentration of
2.5 lgÆmL)1 and PPA at 0.62 mm. The pH determined in
this screen was used for all subsequent experiments unless
otherwise stated.
Size-exclusion chromatography
The molecular mass of native ScPPDC-His was determined
by size exclusion chromatography on a Sephacryl S-200
HR Column (1.6 · 94 cm), equilibrated with 50 mm
NaPO4, 150 mm NaCl (pH 7.0). The void volume of the
column was determined with Blue Dextran, and the elution
volume of ScPPDC-His compared with those of ferritin
(440 kDa), aldolase (158 kDa), conalbumin (75 kDa) and
albumin (43 kDa) (GE Healthcare HMW Gel Filtration
Standards; GE Healthcare, Milwaukee, WI, USA). In addi-
tion, P. putida BFDC was included as a standard because
its native molecular mass and multimeric form is well-estab-
lished [17].
MS and N-terminal sequencing
ScPPDC-His was exchanged into 50 mm Mops, 1 mm
MgSO4, 0.5 mm ThDP (pH 7.0) for analysis by LC-MS.
N-terminal sequencing was performed following electropho-
retic transfer of ScPPDC-His to a poly(vinylidene difluo-
ride) membrane. Both were performed at the University of
Michigan Protein Structure Facility (Ann Arbor, MI,
USA).
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